ABSTRACT
INTRODUCTION
Six cylinders with a diameter of 150 mm and a height of 300 mm were cast to evaluate the concrete compressive 1 strength. At the age of 28 days, the average compressive strength and Young's modulus were 72.3 MPa and 42.1 2 GPa with a coefficient of variation (CoV) of 8.23% and 0.26%, respectively. 3 The pull-out tests were executed on single-sided cylindrical specimens. A single steel fibre was embedded into a 7 cylindrical concrete specimen with 80 mm in height and diameter. For this purpose, a mould allowing the production 8 of 81 specimens at the same time ensuring a certain embedment length and orientation was used. Fig.1 shows the 9 specimen's manufacturing procedure. In this study 0, 30 and 60 degree fibre inclination angles were considered. 10
Cunha et al. [12] determined that the influence of the fibre embedment length was not so significant as the 11 orientation angle effect. However, if the fibre embedment length is lower than the length of the hooked end, the fibre 12 reinforcement contribution will be rather small, since the hook cannot be effectively mobilized. Therefore, 13 considering that the theoretical value of a fibre's embedded length bridging an active crack is lf /4 = 8.25 mm [17] , 14 this value was selected as the fibre's embedment length in the production of all the specimens. The pull-out tests 15 were executed on six specimens for each fibre's inclination angle. 
.2. Test set-up 4
The single-sided pull-out specimen was accommodated in a steel frame using a universal testing machine with a 5 capacity of 50 kN. An HBM type S9 load cell with a capacity of 5 kN was also used to measure the load with 6 enough accuracy. A steel ring was mounted on the top of the specimen. This was connected to the frame base plate 7 using three screws disposed around the specimen forming an angle of 120°. Finally, the protruded end of the fibre 8 was fastened into a standard LOYD ® grip, which guaranteed a secure hold of the fibre. All the test set-up 9 components are depicted in Fig. 2(a) . During the test execution, the slip was measured with three linear variable 10 diferential transducers, LVDTs, (linear stroke +/-5 mm). The LVDTs were positioned on the back side of the grip, 11 see Fig. 2(b) . To ascertain the occurance of fibre slipage at the grip, a VMS-004D-400x USB Microscope with 2 12
Mega Pixels camera was used to capture the relative displacement between the fibre and the grip. The test was 13 executed in closed-loop displacement control. A displacement rate of 1 μm/s was applied up to the slip of 2 mm, 14 followed by 4 μm/s until the end of the test. backside of the grip. Two failure modes were observed: the aligned fibres were completely pulled-out, while the 6 inclined fibres were ruptured. For the fibres with an inclination angle of 0°, the pre-peak branch consists of a linear 7 and non-linear part. The linear part corresponds to the elastic behaviour of the bond, whereas the non-linear part 8 could be ascribed to a mix of two mechanisms: degradation of the adhesion between the fibre and surrounding 9 matrix, and the beginning of the end hook's mobilization process. After the peak load is attained, both curvatures of 10 the hooked part are deformed progressively and thus, the pull-out load starts to decrease up to a slip of 3.5 mm. 11
Finally, after the hook has been fully straightened, the pull-out process has occurred under frictional resistance. Fig.  12 3(b) depicts the pull-out load versus slip curve for fibres with an inclination angle of 30°. The pre-peak branch is 13 similar to the fibres with 0° angle, but a slightly lower value of peak load was attained. This is due to the cracking 14 and spalling of the matrix occurred at this fibre exit point in consequence of the deviational force component that 15 fibre applies to this medium. Fig. 3(c) shows the pull-out load -slip relationship for the 60° specimens. In the first 16 phase, the load has increased until the first evidence of matrix spalling. Afterwards, a matrix wedge was formed and 17 gradually detached, which corresponds to the plateau branch of the load -slip relationship, while the fibre segment 18
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Steel plate Microscope LVDT LVDT holder embedded under this concrete portion was being straightened. After the completion of wedge spalling off, a new 1 equilibrium was attained and the pull-out fibre process has continued with a smaller stiffness until the fibre rupture. 2
More details regarding these results can be found in [14] . A panel of SFRSCC with the dimensions of 1500 mm × 1500 mm in plan and 60 mm of thickness was cast from its 8 centre. For the adopted casting conditions, previous research has revealed that a preferential radial distribution of 9 fibres through the panel will occur. Consequently, a higher number of effective fibres will be available for bridging 10 eventual cracks formed radially [18] . Therefore, the load carrying capacity of this type of panels, at serviceability 11 and ultimate limit state conditions, will be dependent on the crack patterns promoted by the loading and support 1 conditions of the panel. Considering the expected concrete flow direction, 60 prismatic specimens with dimensions 2 of 240 mm × 60 mm × 60 mm were extracted from the panel, see Fig. 4(a) . In order to localize cracking during 3 testing, a notch with a depth of 10 mm and width of 2 mm was executed at half length of the specimen. To appraise 4 the influence of fibre orientation on the post-cracking behaviour, prismatic specimens were notched based on the 5 following methodology: by maintaining β as the angle between the expected concrete flow and notch direction, four 6 series of prismatic specimens with different preferential fibre orientations relative to the notch plane were derived 7 out, see The force -crack mouth opening displacement, F -CMOD, relationships were obtained from four-point bending 15 tests based on the Italian Standard UNI 11039 [19] . According to this standard, the lateral face of the specimen 16 1500 9 coincides with the surface of the SFRSCC panel in contact with the mould, and the notch was executed on a face 1 parallel to the casting direction. Therefore, the bottom face of the specimen in the test set-up corresponds to a lateral 2 surface of the extracted beam from the panel, i.e. the beam was rotated by 90º along its longitudinal axis for testing. 3
The test was performed on a 50 kN loading capacity universal testing rig. A prescribed displacement rate of 0.002 4 mm/s was applied. During execution of the test, deflection and CMOD were measured by installing one LVDT at 5 the mid-span of the specimen, and three LVDTs at the notch on the bottom surface of the specimen, according to the 6 configuration schematically depicted in Figs. 5(a) and (b), respectively. The fibre distribution and orientation was assessed through an image analysis procedure, which was performed on a 14 parallel plane to the notch surface with an offset equal to half the length of the adopted fibre (Fig. 6) , after 15 performing the monotonic four-point (4-P) bending tests. The following parameters were determined: i) the number 16 of fibres per unit area, f N , which is the ratio between the total number of fibres counted in an image, In general, the specimens have shown a linear response up to the load corresponding to the crack initiation. A 6 similar load value at the limit of proportionality was observed for all the series. After the crack initiation, series with 7 β = [0-15°) and [15-45°) revealed a deflection-hardening response up to a CTOD nearby 0.65 mm, although β = [15-8 45°) exhibited a slightly lower peak load. From the micro-mechanical point of view, after the fibre's adhesion to the 9 surrounding matrix has been exhausted, the fibre reinforcement mechanism was mainly governed by the 10 mobilization of the hooked end, which contributed for this deflection-hardening behaviour. After the peak load was 11 attained, a softening response was observed for both series. In the case of [0-15°) series, since the specimens had 1 more fibres crossing the cracked plane with a lower orientation angle, the residual load decay was smoother, while 2 for the β = [15-45°) specimens, a higher load decay was observable between 0.74 and 1.95 mm of CTOD. 3
Regarding the F -CTOD relationships for the [45-75°) and [75-90°] series, after the crack localization, the force 4 dropped sharply up to a crack opening width between 0.18 -0.20 mm, which then was followed by a plateau. 5
Afterwards, a softening phase was observed in which the residual forces gradually decayed due to both fibre pull-out 6 and rupture. Further details and discussion of the flexural responses can be found elsewhere [4, 15] . 7
NUMERICAL SIMULATION
8
In this section, a three-dimensional numerical approach for modelling the SFRSCC four-point bending tests 9 performed on specimens extracted from a panel (section 2.3) is presented and discussed. In this numerical approach, 10 SFRSCC is assumed as a two-phase material, i.e. plain concrete and discrete steel fibres. 11
Concrete material model 12
In this numerical approach, the nonlinear behaviour of concrete was modelled with a 3D multidirectional fixed 13 smeared crack model available in the FEM-based computer program FEMIX [22] [23] [24] . In the present case, it was 14 assumed that at each integration point only one crack could be formed. To solve the system of nonlinear equations, 15 an incremental iterative procedure was adopted. The relationship between the incremental strain and stress is defined 5 mm = 250 mm 3 and 2 mm × 5 mm × 5 mm = 50 mm 3 , respectively, were used. Preliminary analyses were carried 3 out in order to obtain a mesh refinement that does not compromise both the accuracy of the numerical simulations 4 and the computational demands. The loading and boundary conditions of the model were applied according to the 5 particularities of the test set-up, see Fig. 11 . To localize the crack formation at the notch region, the nonlinear 6 behaviour was assigned to the elements above the notch zone (at the mid-span of the specimen), while to the 7 remaining solid elements was assigned a linear elastic behaviour. Furthermore, 1 × 2 × 2 and 2 × 2 × 2 Gauss-8
Legendre integration schemes were adopted for the elements above the notch, and the rest of elements, respectively 9 (Fig. 11) . The numerical analyses were performed under displacement control with 0.002 mm increment at mid-span 10 vertically, using the arc-length method. 11 In this numerical approach, the fibre structure comprised the random distribution of the discrete fibres in the bulk 17 concrete. This distribution was achieved with a Monte Carlo procedure. The fibre distribution procedure is 18 summarized as follow [13] . (vi) For those fibres that did not satisfy the boundary conditions in Eq. (9), a new orientation was randomly 15 generated to accomplish these conditions. Fig. 13(a) fibre's longitudinal axis cut plane described boundary conditions. On the other hand, Fig. 13(b) shows a final fibre structure after 1 eliminating the fibres that intersected the lateral surfaces of the specimen. These fibres were not 2 considered, since in reality they were cut during the specimens' extraction from the cast slab. the fibre structures were rotated by 90° along their longitudinal axis and the notch was modelled on a lateral surface 9 of the specimens. In this figure, it is possible to visualize the preferential fibre alignment due to the influence of the 10 concrete flow. In other words, it is visible that the fibres have rotated preferentially towards a perpendicular 11 direction of the concrete flow direction due to the radial nature and uniform velocity profile of the concrete flow, see 12 average fibre orientation factor,   , obtained numerically were then compared with the experimental ones, see Table   1 4. The actual fibre distribution was accurately modelled with the aforementioned numerical approach. After the generation of the meshes representative of the distinct fibre distributions observed through the panel, it was 3 inserted into the solid three-dimensional mesh, which modeled the fracture process of plain concrete, see Fig. 11 . 4
The single fibre was modelled as an embedded element defined by two-end-nodes. Since an embedded element 5 corresponding to a fibre could intersect one or several solid elements, it was necessary to compute these intersection 6 points and divide the original finite element into distinct embedded elements to ensure compatibility between fibre 7 and solid meshes. For this purpose, an inverse mapping technique was employed to determine the coordinates of 8 these intersection points [27] . Finally, the stiffness matrix of a SFRSCC solid finite element, 
Constitutive model for the embedded cables 15
The embedded elements were modelled assuming a perfect bond between fibre and matrix. Therefore, the bond -16 slip behaviour was modelled in an indirect fashion by converting the fibre load -slip, F -s, relationship into a stress 17 -strain, σf -εf, relationship. The F -s relationship was determined by fitting the fibre pull-out test average curves 18 performed for three distinct inclination angles 0°, 30° and 60°. Each relationship was modelled with a three-linear 19 curve. Fig. 15 depicts this procedure, where εf, s and lb are the fibre's strain, fibre's slip and the crack band width of 1 the solid finite element (width of the finite elements above the notch where the crack was forced to be formed, lb=2 2 mm), whereas σf is the stress calculated from the pull-out force, F, divided by the fibre's cross section area, Af. Three-dimensional embedded elements with two integration points were used for simulating fibres. A Gauss-16
Legendre integration scheme was adopted. All the embedded elements were ascribed with nonlinear behaviour. 17
Nevertheless, only the fibres intersecting an active crack were mobilized, while the other fibres remained in the 18 Table 5 : Tri-linear stress -strain relationships used for simulating the fibres' bond -slip behaviour. 5 orthogonal to the crack plane for a CTOD = 0.5 mm, which coincides with the crack opening width value used to 7 compute the residual flexural strength fR1 [28] . It should also be mentioned that due to the high heterogeneity of the 8 mesh (fibre orientation and distribution), the crack lost orthogonality during the numerical analysis. Consequently, 9 the normal tensile stresses increased unrealistically due to numerical shear stress locking, mainly for higher crack 10 opening tip widths. However, in the present case, this did not influence significantly the flexural response since it 1 happens at the crack tip, i.e., near the cross section's neutral axis. The numerical stress locking was more 2 pronounced for the β = [0-15°) and [15-45°) series, since in these series a higher number of fibres has intersected the 3 crack plane, in contrast to the β = [45-75°) and [75-90°] series. Figs. 18(b) and 19(b) show that slightly higher 4
tensile stress values were transferred by the fibres in the β = [0-15°) specimens, see also Table 6 . This can be 5 ascribed to both a higher number of fibres in the fracture surface, as well as to a higher number of fibres aligned 6 more perpendicular to the crack plane. This can also be observed if one compares Figs. 18(c) and 19(c) . These 7 figures show the normal tensile stresses due to the contribution of fibres and their surrounding matrix at the fracture 8 surface (the unrealistic high tensile stress values at the crack tip were ignored). The differences observed in the 9 grade of the residual flexural strengths between two series are more considerable after the peak load. due to the higher number of fibres at the crack plane. 7 Table 6 when the notch direction was more parallel to the flow direction. Therefore, when the angle β increased due to the 1 preferential orientation of fibres, caused by the concrete flow profile, the fibre orientation factor decreased, see 2 Table 4 . This was translated by the reorientation of fibres more parallel to the crack plane during the casting 3 procedure. Therefore, in β = [0-15°) series, the specimens contained more effective fibres that intersected the 4 cracked plane with a lower orientation angle than other series. Moreover, the micro-mechanical response of the 5 aligned fibres (α = 0°) exhibited the highest pull-out load as well as the highest toughness, whereas for the inclined 6 fibres (α = 30° and 60°) the maximum pull-out load tended to decrease with the increase of the orientation angle, see 7 In this research, an experimental program was presented and a numerical approach was proposed in order to model 2 the behaviour of steel fibre reinforced self-compacting concrete, SFRSCC, laminar elements. The SFRSCC was 3 modelled as a two-phase material, i.e. the fracture process of the concrete bulk was simulated with a 3D multi-4 directional smeared crack model, whereas the fibre phase was comprised by discrete randomly distributed embedded 5 elements. The fibre structure randomly generated considered both the concrete flow and wall effects. The micro-6 mechanical behaviour of a single fibre was also considered. In order to simulate the fibre reinforcement mechanism, 7 the force -slip laws obtained from the experimental pull-out tests were assigned to each fibre depending on its 8 orientation angle towards the active crack plane. 9
From the experimental results of four-point bending tests, it was concluded that, due to the anisotropic fibre 10 distribution/orientation, the post-cracking behaviour of SFRSCC was highly dependent on the directions in which 11 the mechanical behaviours were evaluated. The specimens with the fracture surface more parallel towards the 12 concrete flow direction, i.e. β = [0-15°), presented higher residual forces, and thus a larger energy absorption 13 capacity than the series with a notch plane more perpendicular to concrete flow direction. 14 Considering the methodology presented in this study, the experimental results of distinct four-point bending tests 15 were modelled. The finite element simulations of the four-point-bending tests predicted with a high level of 16 accuracy the experimental force -crack tip opening displacement relationships. Therefore, with a realistic prediction 17 of the actual fibre distribution/orientation and having the knowledge of the micro-mechanical behaviour of the 18 fibres, the mechanical behaviour of the SFRSCC composite could be predicted. 19
In spite of the good performance of the numerical model, in some series, after the crack initiation, the numerical 20 response slightly underestimated the experimental average response. This could be ascribed to the fibres' 21 constitutive laws determined in an indirect fashion from the fibre's load -slip relationships as well as due to the 22 differences between the numerical (predicted) and experimental (real) fibre structures. Nevertheless, it should be 23 mentioned that all numerical responses were comprised within the experimental envelope part. 24 Table 3 : Plain concrete properties used in the numerical simulations. 4 Table 4 : Comparison between image analysis results and numerical fibre distribution. 5 Table 5 : Tri-linear stress -strain relationships used for simulating the fibres' bond -slip behaviour. 6 Table 6 : Residual flexural strengths at CTOD = 0.5 mm (fR1) and CTOD = 2.5 mm (fR3) for different series. 7
